Abstract We present a 3-D radially anisotropic model of the crust and mantle beneath East Asia down to 900 km depth. Adjoint tomography based on a spectral element method is applied to a phenomenal data set comprising 1.7 million frequency-dependent traveltime measurements from waveforms of 227 earthquakes recorded by 1869 stations. Compressional wave speeds are independently constrained and simultaneously inverted along with shear wave speeds (V SH and V SV ) using the same waveform data set with comparable resolution. After 20 iterations, the new model (named EARA2014) exhibits sharp and detailed wave speed anomalies with improved correlations with surface tectonic units compared to previous models. In the upper 100 km, high wave speed (high-V) anomalies correlate very well with the Junggar and Tarim Basins, the Ordos Block, and the Yangtze Platform, while strong low wave speed (low-V) anomalies coincide with the Qiangtang Block, the Songpan Ganzi Fold Belt, the Chuandian Block, the Altay-Sayan Mountain Range, and the back-arc basins along the Pacific and Philippine Sea Plate margins. At greater depths, narrow high-V anomalies correspond to major subduction zones and broad high-V anomalies to cratonic roots in the upper mantle and fragmented slabs in the mantle transition zone. In particular, EARA2014 reveals a strong high-V structure beneath Tibet, appearing below 100 km depth and extending to the bottom of the mantle transition zone, and laterally spanning across the Lhasa and Qiangtang Blocks. In this paper we emphasize technical aspects of the model construction and provide a general discussion through comparisons.
Introduction
Our East Asia study region (Figure 1 ) is bordered by the Himalaya Main Boundary Thrust and the Tianshan Mountain Range in the west, the Japan and Izu-Bonin-Mariana Trenches in the east, Lake Baikal in the north, and Malaysia and the Philippines in the south. This region has drawn much attention due to its complex tectonic history involving continent-continent collision, oceanic plate subduction, various types of basin formation, intracontinental rifting, and intraplate volcanism and magmatism. The main driving forces of these tectonic activities have been attributed to the India-Eurasia collision in the west [Allégre et al., 1984; Tapponnier et al., 1986; Dewey et al., 1989; Burchfiel and Royden, 1991; Yin and Harrison, 2000] and subduction of the Pacific Plate beneath Eurasia in the east [Northrup et al., 1995; Honza and Fujioka, 2004; Schellart and Lister, 2005] .
et Yang et al., 2012] . However, the northern extent of Indian Plate subduction and whether or not uplift of the Tibetan Plateau is due to a low-V crustal weak zone are still heatedly debated topics, mainly due to limited seismic imaging resolution.
The eastern margin of East Asia experienced widespread extension due to subduction of the Pacific plate and slab rollback. Asthenospheric upwelling and the interplay of mantle flow with lithosphere-asthenosphere boundary topography play an important role in building a large number of continental rift systems and marginal sea basins since the Late Mesozoic [Ren et al., 2002] . Controversies exist regarding the origin of the Altay-Sayan and Baikal rift systems, namely, whether they are due to a mantle plume [Khain, 1990; Windley and Allen, 1993; Cunningham, 1998; Barry et al., 2003; Zorin et al., 2006; Tiberi et al., 2008] and/or lithospheric processes [Cunningham, 2001; Petit et al., 2002; Barry et al., 2003; Anderson, 2005; Hunt et al., 2012] . The origin of Changbai volcanism is also debated: competing hypotheses include the big mantle wedge model [Lei and Zhao, 2005; Zhao et al., 2009] , subduction-triggered magmatic pulses [Faccenna et al., 2010] , and subduction-induced upwelling with return flow of subslab hot mantle material through a "stagnant slab gap" [Tang et al., 2014] .
Previous seismic traveltime inversions based on ray, paraxial kernel, or normal mode-based theories have shed important light on how the interior beneath East Asia influences surface tectonics [Friederich, 2003; Huang and Zhao, 2006; Kustowski et al., 2008b; Li and van der Hilst, 2010; Obrebski et al., 2012; Panning et al., 2012; Wei et al., 2012; Zhao et al., 2012] . Specifically, tracing remnants of ancient lithosphere in seismic images helped to distinguish different mechanisms for the Himalayan orogeny, uplift of the Tibetan Plateau, and intraplate volcanism. These seismic images also provide the current slab morphology above, inside, and below the transition zone. Besides narrow high-V slab features above the mantle transition zone beneath the Japan, Ryukyu, Philippine, and Himalayan Arcs, high-V anomalies beneath the Yangtze Platform and the Ordos Block are also evident, implying the presence of a thermally and maybe compositionally distinct continental roots beneath these cratons. Low-V anomalies correlate well with the active Changbai and Wudalianchi intraplate volcanoes in northeast China and the Tengchong volcano in southwest China. Pronounced deep slow anomalies are located beneath Hainan and the South China Sea. Despite all the similar features on large scales, differences exist among these tomographic results due to different methodologies and/or data sets. For example, compared to shear wave speed anomalies from surface wave and shear wave studies beneath the eastern Tibetan Plateau [Lebedev and van der Hilst, 2008; Obrebski et al., 2012] , which indicate high-V anomalies in the 100 km-200 km depth range, a compressional wave study [Li et al., 2008] suggests low-V anomalies instead. Differences also exist among various compressional wave tomographic models. The crust and upper mantle beneath the Tarim and Junggar Basins, between their basements and 200 km depth, appear as high-V anomalies in the compressional wave speed tomography study by Huang and Zhao [2006] but as relatively low-V anomalies in the study by Li and van der Hilst [2010] . Discrepancies among different compressional wave speed and shear wave speed models limit further interpretation.
Given the current state of tomography of East Asia, there are several notable advantages in using adjoint tomography [Tromp et al., 2005; Tromp, 2006, 2008; Tape et al., 2007 Tape et al., , 2009 Tape et al., , 2010 Fichtner et al., 2009 Fichtner et al., , 2010 Zhu et al., 2012a Zhu et al., , 2012b ] to obtain more coherent and robust images of both compressional and shear wave speeds. (1) Adjoint tomography eliminates crustal corrections, which are required in traditional body wave and surface wave tomography. Instead, a 3-D crustal model is embedded in the initial model and gets updated at each iteration. (2) All usable segments in seismograms, including body and surface waves, are used in the inversion for a more compatible model that improves the overall synthetic waveform fit to the data. (3) Simultaneously inverting for multiple parameters of a radially anisotropic model provides more constraints on the nature of seismic anomalies. (4) An iterative gradient-based minimization scheme supplemented by more accurate finite-frequency kernels better recovers wave speed anomaly amplitudes. (5) Accurate forward waveform modeling is a natural component of the iterative inversion process.
In this paper we present the first adjoint tomography model of East Asia, which describes 3-D crust and upper mantle structure in terms of isotropic shear wave speed V S , isotropic compressional wave speed V P , and radial anisotropy ξ = (V SH À V SV )/V S (where V SH and V SV denote the wave speeds of horizontally traveling and horizontally and vertically polarized shear waves, respectively). Our model contains high-V slab features at greater depths consistent with previous studies but exhibits improved correlations between wave speed anomalies in the upper 100 km and surface tectonic units. Here we focus on presenting the technical details of model construction, including discussions of the data set, inversion method, and model quality. We also provide a very general discussion of the model based on comparisons with existing models. The second part of this study, a detailed model interpretation guided by radial anisotropy and the V P /V S ratio to probe rheological and compositional properties that affect seismic waveforms, will be presented in a subsequent publication.
Data and Method
We use three-component waveforms recorded by 1869 stations from F-net, CEArray , NECESSArray, INDEPTH IV Array, and other regional and global seismic Networks (Figure 2) . The large majority of seismic sensors are broadband (50 Hz to 60 s or 120 s). Only a small percentage of the sensors are ultrabroadband (50 Hz to 360 s) and short-period borehole installations (50 Hz to 1 s or 2 s). The station distribution map indicates a phenomenal data coverage, especially to the east of 90°E within China. From the global centroid moment tensor (CMT) solution database, we select 227 earthquakes (Mw = 5-7) (black and red beach balls in Figure 2 ) that have high signal-to-noise-ratio records for both source and structural inversions, and an extra set of 39 earthquakes not used in the inversions for model validation (green beach balls in Figure 2 ). In order to increase wavefield coverage for the structural inversion, we try to include earthquakes (black and red beach balls in Figure 2 ) located in all azimuths with respect to CEArray stations, which compose the main component of our data set. However, due to limited data availability, the chosen earthquakes are mainly distributed in seismogenic zones associated with active subduction or tectonic deformation and faulting, such as the subduction zones of Japan, Izu-Bonin, Mariana, Ryukyu, Philippine, Himalaya, and Burma. Only a few earthquakes are located to the west and north of China, close to Pamir, Tianshan, and Lake Baikal. Several earthquakes occurred inland in the Longmenshan fault zone, where the 2008 Wenchuan earthquake ruptured.
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Our inversion involves reinverting source parameters within the initial 3-D model and iteratively refining the model based on finite-frequency kernels. A radially anisotropic model requires six parameters: the mass density ρ, the wave speed of horizontally traveling compressional waves V PH , the wave speed of vertically traveling compressional waves V PV , the wave speed of horizontally traveling and horizontally polarized shear waves V SH , the wave speed of horizontally traveling and vertically polarized shear waves V SV , and the dimensionless parameter η (which affects wave propagation at intermediate incidence angles). However, our data set cannot resolve V PH and V PV independently, so we reduce the number of parameters by one by focusing on the isotropic bulk sound speed V C . Additionally, we cannot resolve mass density, ρ, which we scale to isotropic shear wave speed perturbations based on a factor of 0.33 [Anderson, 1987] . Due to a tradeoff between isotropic 3-D heterogeneity and radial anisotropy inside the crust and a lack of data coverage below the mantle transition zone, we use an isotropic parameterization in the crust and in the mantle below the transition zone, and a radially anisotropic parameterization between the Moho and the 650 km discontinuity. Changes in the frequency-dependent traveltime misfit, δχ, can thus be expressed in terms of the four parameters V C , V SH , V SV , and η as [Zhu et al., 2012b] 
where the kernels K Vc , K VSH , K VSV , and K η denote corresponding Fréchet derivatives. The key numerical component of our inversion, the global seismic wave propagation solver SPECFEM3D_GLOBE, is a forward modeling tool that uses a spectral-element method (SEM) to simulate global-or continental-scale wave propagation in fully 3-D Earth models with high precision Tromp, 2002a, 2002b] . The East Asia simulation domain includes China, N. Korea, S. Korea, Japan, and Mongolia, as well as parts of Southeast Asia, Burma, Laos, Thailand, Vietnam, Indonesia, Malaysia, and the Philippines. The SEM mesh also incorporates topography (a 4 min global relief model created by subsampling and smoothing ETOPO-2 [National Geophysical Data Center, 2006] ) and undulations of the Moho [Bassin et al., 2000] and the 410 km and 650 km discontinuities [Kustowski et al., 2008a] . In our inversion, the model is parameterized on the SEM Gauss-Lobatto-Legendre integration points, which have an 8 km lateral spacing and a vertical spacing of less than 5 km in the crust, and a 16 km lateral spacing and an average vertical spacing of~10 km in the upper mantle. 
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We start with an initial model which combines 3-D global radially anisotropic mantle model S362ANI [Kustowski et al., 2008a] with 3-D crustal model Crust2.0 [Bassin et al., 2000] . The initial source representation is given by the centroid moment tensor (CMT) solution [Ekström et al., 2005] . CMT solutions generally describe earthquake sources very well, but they do have uncertainties due to unmodeled 3-D structure [Hjörleifsdóttir and Ekström, 2010] , in particular, with regard to depth. As the first step of this tomographic study, source parameters are reinverted within the initial model using the CMT3D inversion method developed by Liu et al. [2004] . In order to obtain good azimuthal coverage, we use seismic waveforms from five high-quality global and regional seismic networks (IU, II, G, GE, and IC). Source inversions for each earthquake require nine simulations to obtain Fréchet derivatives for nine source parameters. Data and synthetics are bandpass filtered in three complementary period bands, namely, from 30 s to 60 s, 50 s to 100 s, and 80 s to 150 s. Body wave misfits in the period range 30 s-60 s and body wave and surface wave misfits in 50 s-100 s and 80 s-150 s passbands are used in the source inversions. Figure S1 in the supporting information shows an example of a CMT3D inversion result. For this particular earthquake (event 201003140808A), the optimal source solution is chosen with the highest variance reduction when inverting for nine source parameters with zero trace plus double couple constraints. The inversion yields a source depth 3.6 km shallower than the CMT solution. We apply the same source inversion procedure for all events used in the structural inversion ( Figure 2 ). The CMT3D inversion typically places earthquakes at shallower depths (0 km-5 km shallower) by correcting for 3-D structure, specifically the crust ( Figure S2 ). Full waveform source inversion is computationally expensive for hundreds of events. The total cost is equivalent to the CPU time required for about 15 structural iterations, and thus it is computationally prohibitive to perform source inversions after each structural model update. Past experience has shown that such additional source inversions are unnecessary in the period ranges used in the structural inversion.
After the source inversions, we update the 3-D structure based on finite-frequency kernels with fixed source parameters. Synthetic seismograms for the initial 3-D model were calculated for all stations within the model domain ( Figure 2 ). Selecting measurement windows is accomplished based on FLEXWIN , an algorithm to automatically pick measurement windows in vertical, radial, and tangential component seismograms. We preprocess both data and synthetics identically by removing any linear trend, tapering, and bandpass filtering. Data records dominated by noise are rejected. FLEXWIN first automatically detects time windows in synthetic seismograms in which waveforms contain distinct arrivals. This automatic phase detection process is motivated by the idea that strong phase arrivals are characterized by a relatively large short-term average/long-term average ratio, which is derived from the envelope of the synthetic seismogram. FLEXWIN decides which windows to keep based on an adequate correspondence between observed and simulated waveforms within these windows. The key window selection criteria are the water level of the short-term average/long-term average ratio for phase detection and acceptance levels for the cross-correlation coefficient, time lag, and amplitude ratio of windowed data and synthetic waveforms. Acceptance levels for the time lag are set to be smaller than half of the minimum period of each passbands, which is one of the criteria that guards against cycle skipping. The windows are fixed for the first six iterations, and subsequently new windows are added after each iteration, as the model improves. Measurement windows are selected in three passbands ( Figure 3 ). The three passbands are 15 s-40 s (short-period passband), 30 s-60 s (intermediate-period passband), and 50 s-100 s (long-period passband) for the first 12 iterations. In subsequent iterations we lowered the lower bounds of the passbands to 12 s, 20 s, and 40 s, respectively.
After selecting measurement windows, frequency-dependent misfits are measured within the chosen windows. The overall traveltime misfit, χ, has equal contributions, χ c , from nine categories, namely, measurements from three passbands on three components ( Figure 4 ). Thus, we may write
where χ misfit function from all N c categories;
χ c misfit contribution from category c;
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N c number of categories (N c = 9); N pc number of measurements in category c; ΔT pc (ω) traveltime misfit at frequency ω for measurement p in category c; σ pc (ω) uncertainty of traveltime misfit measurement.
Adjoint sources are constructed using traveltime misfit measurements for all picked phases, e.g., body wave phases (direct P and S, pP, sP, sS, pS, PP, and SS) and surface waves (Rayleigh and Love). We use both body wave and surface wave misfits in the intermediate-and long-period passbands but only body wave misfits in the short-period passband, because CRUST2.0 cannot be used to simulate short-period surface waves. The adjoint sources assimilate the misfit as simultaneous fictitious sources, and the interaction of the resulting adjoint wavefield with the regular forward wavefield forms the event kernels. All event kernels are summed to obtain the gradient or Fréchet derivative, which is preconditioned and smoothed to obtain the final model update. The diagonal of the Hessian matrix is chosen as a preconditioner [Luo et al., 2013] , and the preconditioned kernels are smoothed by a Gaussian with a width of 5 km in the vertical plane and 100 km in the horizontal plane for the first five iterations and 60 km afterward. The optimal step length for the conjugate gradient model update is chosen based on a line search ( Figure 4a ). In order to reduce the computational cost we chose a subset of 20 events ( Figure 2 ) to perform the line search ( Figure 4a ) in a set of six to ten candidate models. The updated model is used as the starting model for the next iteration for further structural refinement. The same procedure is repeated until no significant reduction in misfit is observed, in our case, after 20 iterations ( Figure 
Model Quality Assessment
Before diving into the interpretation of features observed in the new seismic images, we need to assess the quality of model EARA2014. This will ensure that later interpretations are well founded on faithful mapping of information contained in seismic waveforms to elastic properties of the Earth's interior. Our model quality assessment focuses on two aspects, namely, methodology and data coverage. We assess model quality by examining waveform misfit reduction, establishing regions with reasonably good data coverage, comparisons with previous tomographic models, performing resolution tests at several locations of interest, and an inversion with a different initial model.
Waveform Fitting
Compared to the initial model, final model EARA2014 predicts 3-D wave propagation much better, as illustrated in Figure 3 . Adjoint tomography takes three-component body waves in all three frequency bands, and surface waves in the intermediate-and long-period passbands as inputs. Figures 3b-3d show examples of waveforms recorded by a station in Tibet from an intermediate-depth earthquake (170 km depth, Figure 3a) . Although the inversion only assimilates measurements in selected windows (grey boxes in Figures 3b-3d ), the waveform fit (both phase and amplitude) improves not only in these windows but also in segments of the seismograms that were not selected initially. These improvements are most prominent for wave trains arriving much later than the main body wave phases. In the short-period passband (12 s-40 s), later arriving phases contain short-period surface waves and multireflected body waves, showing good fits between EARA2014 synthetics and the data (Figure 3b ), especially considering the complex crustal structure these waves have propagated through. With increasing iterations, traveltime misfits and their standard deviations are significantly reduced . Iteration steps illustrated with (a) a line search example using traveltime misfits from a sub-dataset of 20 events (red beach balls in Figure 2 ), and (b) traveltime misfit evolution of the entire data set (227 events). For the initial model (M00) line search, the first model update (M01) is chosen at a step length of 4.5%, where a traveltime misfit minimum is located (Figure 4a ).The overall traveltime misfits decrease when the tomographic inversion proceeds (Figure 4b ). For the first five iterations, misfits are measured for the same set of measurement windows (black dots), from the sixth to the eleventh iterations, measurement windows are updated with FLEXWIN at each iteration (red stars), and from the twelfth to the twentieth iterations the cross-correlation coefficient for window selection is lowered from 0.8 to 0.75 (black diamonds). T 1 , T 2 , and T 3 (the lower bounds of the period passbands) are 15 s, 30 s, and 50 s, respectively, for the first 12 iterations. They are lowered to 12 s, 20 s, and 40 s, respectively, in subsequent iterations.
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10.1002/2014JB011638 (Figures 4b and 5) . Traveltime misfit decreases smoothly and consistently (Figure 4b ). Amplitude anomalies are not included in the inversion, and thus the amplitude misfit reduction ( Figure S3 ) is more ragged and strongly sensitive to increasing waveform complexity when introducing shorter period waves or waveforms with less similarity to the data (e.g., when the selection criterion for cross-correlation coefficients is lowered from 0.8 to 0.75).
Statistically, using the same selection criteria, the number of measurement windows went up from an initial 1.2 million to the final~1.7 million ( Figure 5 ), and the mean and standard deviation of the traveltime misfits changed from the initial À0.12 ± 3.88 s to the final À0.03 ± 2.32 s, with a significant reduction in standard deviation by 1.56 s. Because seismic attenuation is not inverted for at this stage, a slight improvement in amplitude fits can be attributed to wave focusing and defocusing due to 3-D elastic heterogeneity, for example, the amplitude anomaly standard deviation of 40 s-100 s waves on tangential components decreased from 0.28 to 0.25 ( Figure S4 ). Further improvement in amplitude misfit reduction requires parameterization of 3-D seismic attenuation by minimizing both traveltime and amplitude misfits .
Analyzing data from 39 earthquakes that were not used in the inversion further assesses EARA2014's ability to predict seismic waveforms in East Asia. The number of measurement windows went up from an initial 105,187 to the final 148,574 ( Figure S5 ), and the mean and the standard deviation went from the initial À0.10 ± 4.24 s to the final À0.24 ± 3.11 s, with a reduction in standard deviation by 1.13 s. Again, the amplitude fits improve only slightly for reasons stated above ( Figure S6 ). 
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Approximate Hessian-Proxy for Data Coverage
The diagonal Hessian matrix is chosen as the preconditioner P [Luo et al., 2013] :
where the following approximation is used:
The preconditioner takes into account amplitude effects due to geometrical spreading of both the forward and adjoint wavefields (equation (4)). Therefore, it also serves as a good proxy for data coverage, indicating model regions that are well resolved given the data coverage.
We chose preconditioner values over a certain threshold to highlight regions with reasonably good data coverage at each depth. Figure S7 shows that, with increasing depth, the resolvable area shrinks. In the crustal and uppermost mantle depth range (20 km-250 km), the resolvable region includes China, southernmost Russia, Mongolia, Kazakhstan, N. Korea, S. Korea, Japan, Burma, Laos, Thailand, Vietnam, Cambodia, Malaysia, the Philippines, the Philippine Sea, the Japan Sea, the East China Sea, and the South China Sea. Between depths of 250 km and 600 km, data coverage diminishes in southernmost East Asia, e.g., in Malaysia, Cambodia, and southern Vietnam. Between 600 km and 900 km, resolution is further lost in southernmost Russia, Kazakhstan, the southwestern part of the South China Sea, Thailand, Burma, and the eastern part of the Philippine Sea. In maps showing EARA2014 model parameters, unresolved regions are masked out for preconditioner values below the threshold. 
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Model Comparison
In this section we visually inspect qualitative correlations of surface expressions with high-V and low-V anomalies in EARA2014 and discuss similarities and differences between EARA2014 and previous tomographic models.
EARA2014 is a refined version of the initial model, which combines a smooth global mantle model, S362ANI [Kustowski et al., 2008a] , with crustal model Crust2.0. Figure 6 shows that the updated images gradually [Schaeffer and Lebedev, 2013] at various depths. Both models are shown after the regional mean has been removed. White dots indicate earthquakes that occurred within a 5 km (at a depth of 50 km), 25 km (at a depth of 100 km), or 50 km (at depths of 200 km and greater) distance of each depth slice. Note that V SV anomalies of both models are relative to 3-D crustal model (Crust2.0) at depths shallower than the Moho.
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reveal clear small-scale features correlating with known tectonic units at depths of 40 km and 100 km and delineating slab relics beneath Southeast Asia at 500 km depth. High-V anomalies at a depth of 40 km ( Figure 6 ) correlate very well with the Himalaya Block and the Junggar, Sichuan, Dongting, Tarim, Nanshan, East Gobi, Erlian, Songliao, and West Philippine Basins (Figure 1 ). High-V anomalies inside the mantle (at a depth of 100 km) strongly correlate with stable tectonic units, such as the Tarim and Junggar Basins, the Ordos Block, and the Yangtze Platform. Low-V anomalies at a depth of 40 km coincide with the Qiangtang Block, the Songpan Ganzi Fold Belt, the Qilian Fold, the Chuandian Block, and the Great Xing'an Range. Low-V anomalies also are highly localized within the Altay-Sayan Mountain Range in the crust (a depth of 40 km) and mantle (a depth of 100 km). Sharp wave speed contrasts across tectonic unit boundaries and strong correlations of wave speed anomalies with surface expressions provide further evidence of a much higher image resolution in EARA2014 compared to the initial model. Figure 7 shows that EARA2014-SV resembles the latest high-resolution global shear wave model SL2013sv [Schaeffer and Lebedev, 2013] in East Asia, which uses seismic waveforms with the shortest period of 11 s. In regions where SL2013sv has equally good data coverage, EARA2014-SV and SL2013sv have very similar wave speed anomaly patterns and strengths. For example, both models image very strong and localized low-V anomalies beneath the Tibetan Plateau and the Altay-Sayan Mountain Range in the crust and uppermost mantle (at depths of 50 km and 100 km). Both models also reveal a broad high-V structure beneath central and southern Tibet at 400 km depth, extending to the bottom of the mantle transition zone. However, as our study has much denser data coverage in East China, EARA2014 captures much stronger and more continuous high-V narrow slabs along the northwestern Pacific margin (at depths between 200 km and 400 km), which match the subduction zone distribution of seismicity.
Compared to previous regional shear wave speed models inverted from shear waves and/or surface waves Obrebski et al., 2012; Yang et al., 2012; Zhao et al., 2012] , EARA2014 (Figure 8 ) has much sharper image resolution due to its superior data coverage and more solid theoretical foundation. Compared Figure S8 provides a comparison of EARA2014 with another regional tomography model, CH11sv, inverted based on shear and surface waves by Obrebski et al. [2012] . Robust features, such as the Yangtze Platform, the Ordos Block, and a fragmented slab inside the mantle transition zone, show up as high-V anomalies in both models. However, high-V anomalies in EARA2014 are much stronger and more sharply confined within tectonic unit boundaries than in CH11sv. High-V anomalies beneath the Pamir and Tianshan Mountain Ranges are overestimated in CH11sv and have no correlation with surface expressions (depths of 40 km and 100 km in Figure S8 ). On the contrary, high-V anomalies in EARA2014 beneath the Tarim, Junggar, and Nanshan Basins are very well correlated with surface tectonics. Wave speed anomalies of EARA2014 beneath the Tibetan Plateau are also consistent with high-resolution short-period (10 s-60 s) surface wave tomography by Yang et al. [2012] (Yang2012sv, Figure S9 ). Both models have strong and well-confined low-V anomalies beneath the Tibetan Plateau. Despite numerous similarities between EARA2014 and Yang2012sv in western China, significant differences exist even for long-wavelength structures. For example, at a depth of 30 km, in the image of Yang2012sv low-V anomalies are ubiquitous beneath the Tibetan Plateau; however, in the image of EARA2014 low-V anomalies are more confined beneath the Songpan Ganzi Fold Belt and the northern Qiangtang Block ( Figure S9 ). wave speed anomalies in more homogenized long-wavelength structures. Such discrepancies could be due to the different data sets used in the two studies. EARA2014 is obtained based on both body waves (12 s-100 s) and surface waves (20 s-100 s), while the Zhao et al.
[2012] SV model is solely constrained with direct shear waves in the period range from 10 s to 50 s. The discrepancies could also be due to the different measurements Comparison between (left column) EARA2014-P and (right column) GAP_P4 [Obayashi et al., 2013] at various depths. Both models are shown after removal of the regional mean wave speed anomalies. Note that V P anomalies of EARA2014 are relative to 3-D crustal model (Crust2.0) at depths shallower than the Moho. Depth slices of GAP_P4 are given in certain depth ranges because of the model block size used in their inversion. White dots indicate earthquakes that occurred within a 5 km (at a depth of 50 km), 25 km (at a depth of 100 km), or 50 km (at depths of 200 km and greater) distance of each depth slice.
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used in the inversions. Instead of absolute traveltime misfit measurements (used in our study), their inversion uses differential traveltime measurements between stations as input. Consequently, their model emphasizes local short-wavelength variations rather than long-wavelength structures. Figure 9 shows a comparison between EARA2014-P ( Figure 10 ) and a previous compressional wave speed model, GAP_P4 [Obayashi et al., 2013] . GAP_P4 is inverted based on ray theoretical kernels using a large number of P wave arrival times, PP-P differential travel times, and relative P wave travel times between two stations. Similar to GAP_P4, EARA2014-P captures a well-defined oceanic slab morphology in the upper mantle down to the mantle Compared to previous compressional wave speed models [Huang and Zhao, 2006; Li and van der Hilst, 2010; Wei et al., 2012; Obayashi et al., 2013] , EARA2014-P (Figure 10 ) not only shows much stronger V P anomalies and better correlations with surface tectonics in the uppermost 100 km but also captures slab morphology better, with stronger high-V in the depth range from 100 km to 400 km that matches the seismicity distribution. However, due to the fact that our data set is not as sensitive to bulk sound speed V C as to shear wave speeds, slab morphology in the compressional wave speed images (Figures 9 and 10) is not as sharply defined as in the shear wave speed images (Figures 7 and 8) . 
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Visual comparison of radial anisotropy between EARA2014 and S362ANI [Kustowski et al., 2008a] (Figure 11 ) demonstrates that EARA2014 retains the long-wavelength pattern of S362ANI (the initial model). However, at 100 km depth, EARA2014 shows very distinct short-wavelength variations of radial anisotropy in terms of both pattern and amplitude: (1) widespread strongly positive radial anisotropy (ξ > 3 %) below Tibet, northern China, Mongolia, and the Philippine Sea Plate; (2) localized strongly negative radial anisotropy (ξ < À3 %) below the Yangtze Platform, the Altay-Sayan Mountain Range, the southern tip of Lake Baikal, parts of the marginal seas (South China Sea, East China Sea, and Japan Sea), and the major subduction zones, such as Japan and Ryukyu.
The widespread strongly positive radial anisotropy of EARA2014 (Figure 11 ), in terms of long-wavelength variations, is qualitatively consistent with other global radial anisotropy models, such as savani [Auer et al., 2014] , S362WMANI [Kustowski et al., 2008a] , SEMUM2 [French et al., 2013] , and SEMUCB-WM1 [French and Romanowicz, 2014] but different from SAW642ANb [Panning et al., 2010] underneath Tibet, where SAW642ANb has negative radial anisotropy [see Auer et al., 2014, Figure 11 ]. However, the strong negative radial anisotropy features in EARA2014 at 100 km depth, which are mostly short-wavelength variations, are not seen in any of the global models. Several regional radial anisotropy studies either confirm or dispute short-wavelength features in EARA2014 Lebedev et al., 2009; Agius and Lebedev, 2013] . A surface wave dispersion study by Lebedev et al. [2009] shows absence of anisotropy in the lithospheric mantle beneath the Yangtze Platform, where EARA2014 indicates strongly negative anisotropy. Positive radial anisotropy in the uppermost mantle beneath Tibet is found in the study of Agius and Lebedev [2013] , and this agrees with EARA2014. Another Different model parameterizations and data coverage can lead to differences in radial anisotropy between our model and previous models. Previous regional studies are mostly based on surface wave analyses, and models are parameterized with radial anisotropy in both the crust and the mantle. Our study limits shear wave radial anisotropy between the Moho and the 650 km discontinuity. EARA2014 radial anisotropy is constrained by not only surface waves but also body waves on three components. However, we cannot rule out that small wavelength anisotropy patterns in EARA2014 may be artificial and can be caused by tradeoff between isotropic heterogeneities and anisotropy [Bodin et al., 2015] . Further tests of the robustness of EARA2014 radial anisotropy are needed to ensure a correct model interpretation. In the next section we investigate some of these tradeoffs based on the point spread function.
Point Spread Function Tests for Locations of Interest
The resolving capability of adjoint tomography is difficult to assess, as routine checkerboard tests are computationally prohibitive and provide limited information [Lévêque et al., 1993; Trampert, 2011a, 2011b] . On top of that, because checkerboard tests bear the same theoretical foundation as the adjoint tomographic inversion, the accuracy of the methodology itself is impossible to examine [Qin et al., 2008] . The latest resolution analysis method in full waveform inversion, based on the Fourier-domain approximate Hessian proposed by Fichtner and Trampert [2011b] , overcomes the limitations of checkerboard tests and provides additional useful information, such as image distortion and resolution length, while being relatively computationally efficient (about six conjugate gradient iterations). However, the implementation of such a method is beyond the scope of this study. Instead, following Zhu et al. [2012b] , we chose to perform simpler and more straightforward "point spread function" (PSF) tests to evaluate local resolution for a few locations of interest and to probe the degree of image blurring and distortion of the final model. The PSF test evaluates the resolution of a particular point of interest in the model by the degree of "blurring" of a perturbation located at that point and by revealing the tradeoff with other model parameters. We added perturbations represented by 3-D Gaussians at eight locations of interest, with a 120 km radius and a maximum ±4% perturbation at the center ( Figure S10 ). Although there is a certain degree of smearing, the V SV PSFs recover the main features of the perturbations while exhibiting negligible tradeoff with V SH and V C , confirming that V SV wave speed anomalies are well resolved in the following regions: (1) low-V beneath the Altay-Sayan Mountain Range in the upper mantle ( Figure S10a) ; (2) low-V beneath the Changbai and Hainan volcanoes at the bottom of the mantle transition zone (Figures S10b and S10d); (3) high-V beneath the Yangtze Platform inside the mantle transition zone ( Figure S10c) ; (4) low-V beneath the northern Philippine Sea Plate in the upper mantle ( Figure S10e) ; (5) high-V beneath the West Philippine Basin in the uppermost mantle ( Figure S10f) ; (6) high-V Figure 11 . Comparison of radial anisotropy, ξ = (V SH À V SV )/V S , between EARA2014 and S362ANI (the initial model) at 100 km depth. V S is the Voigt-Reuss-Hill average shear wave speed.
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beneath the Tibetan Plateau at the top of the mantle transition zone and in the uppermost mantle (Figures S10g and S10h) . Tradeoffs between V SV and V SH or V C are negligible in these regions, given the V SH or V C Hessian kernel maps appear to have zero amplitude, which gives confidence in future interpretation of radial anisotropy and V P /V S ratios.
Test With a Different Initial Model
At depths of 150 km, 200 km, and 250 km, the large-scale high-V beneath central and western China and low-V beneath eastern China do not change much from the S362ANI starting model, although short-wavelength variations (Figure 8 ), including narrow high-V slabs, do emerge from the smooth starting model ( Figure S11 ). Thus, the question arises whether EARA2014 is robustly constrained by our data set in this depth range. In order to answer this question, we restart the adjoint inversion with a different initial model in which EARA2014 is replaced by 1-D model STW105 [Kustowski et al., 2008a] between 100 km and 300 km depth; the rest of the model remains the same as EARA2014. After six iterations, model T06 (Figure 12 ) reassuringly shows shear wave speed anomalies and radial anisotropy patterns very similar to EARA2014 in the 100 km to 300 km depth range. 
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The results of this test indicate that long-wavelength wave speed and anisotropy patterns are robustly constrained by our data set in this depth range. Especially the positive radial anisotropy across eastern China at 200 km depth seems to be preferred by our data set. However, the amplitudes of the wave speed anomalies and radial anisotropy are reduced by roughly a third compared to EARA2014. This may reflect an insufficient number of tomographic iterations in the adjoint inversion, or convergence to a local minimum due to an improper starting model.
Results and Discussions
Isotropic V S and V P anomalies and radial anisotropy ξ = (V SH À V SV )/V S are shown in maps at constant depth (Figures 8, 10 , and 11). All maps are also plotted for the initial model for comparison (Figures S11, S12, and 11). The isotropic V S and V P images (Figures 8 and 10 ) generally agree in terms of wave speed anomaly patterns, but EARA2014-S (Figures 8) involves much sharper images of slabs and wave speed contrasts across the main tectonic boundaries, primarily due to the higher shear wave speed sensitivity of traveltimes. Therefore, we focus on describing the V S model.
Map Views of Isotropic V S and V P Anomalies
Quite a few features in EARA2014 (Figures 8 and 10 ) are consistent with previous tomographic results [Huang and Zhao, 2006; Li and van der Hilst, 2010; Obayashi et al., 2013; Schaeffer and Lebedev, 2013] . High-V anomalies beneath the Ordos Block and the Yangtze Platform indicate cold stable cratonic roots extending down to depths of about 250 km-300 km. Narrow high-V (V P and V S ) slabs appear from a depth of 100 km to the top of the mantle transition zone (depth of 400 km), following the trenches of Burma, Andaman, Kuril, Japan, Izu-Bonin, Mariana, Yap, Ryukyu, Malina, and the Philippines. Stagnant slabs reside inside the mantle transition zone (depths of 500 km and 600 km) beneath eastern China (east of 100°E) and are fragmented into different high-V zones, possibly corresponding to different episodes of slab subduction and retreat since the late Mesozoic [Fukao et al., 2001; Honza and Fujioka, 2004; Li and van der Hilst, 2010] . Alternatively, high-V anomalies observed inside the mantle transition zone beneath the Yangtze Platform could be lithosphere left by the collision between the South and North China Blocks [Lebedev and Nolet, 2003] , and the high-V anomalies under the central and eastern North China Blocks are likely fossil lithosphere delaminated during an early Cretaceous giant igneous event [Wu et al., 2005; Yang et al., 2008] . High-V anomalies below the mantle transition zone (depths of 700 km and 900 km) imply that ancient oceanic or continental lithosphere penetrated the 650 km discontinuity and sank into the lower mantle beneath the North China Block, the Chuandian Block, the Northeast China Block, and the Ryukyu, Izu-Bonin, and Mariana Trenches. Broad low-V zones persist to a depth of 300 km beneath four regions, namely, the South China Sea, the Okinawa Trough, the West Philippine Basin, and the region to the east of Lake Baikal. These regions are possibly associated with slab subduction and stagnation or plume-induced upwellings. Moderate low-V zones appear in the lower mantle at a depth of 700 km beneath both the Japan Sea and the South China Sea, suggesting a possible lower mantle plume contribution to volcanism at Changbai and Hainan [Lebedev and Nolet, 2003; Montelli et al., 2004] .
The main characteristics of EARA2014 include highly improved image clarity, especially in the crust and uppermost mantle (the uppermost 100 km), and newly imaged strong wave speed anomalies. At a depth of 50 km (Figure 8 ), the sharp transition from high-V (> 5 %) to low-V (< À5 %) anomalies clearly marks tectonic boundaries between the Nanshan Basin and the Altay-Sayan Mountain Range, the Tarim Basin and the Songpan Ganzi Fold Belt, and the Sichuan Basin and the Chuandian Block. At a depth of 100 km (Figure 8 ), high-V (> 3 %) regions perfectly capture the shapes of the Tarim Basin, the Ordos Block, and the Yangtze Platform. From a depth of 150 km to the top of the transition zone, narrow slabs are crisply and continuously defined by higher than 1.5 % V S anomalies, in particular, for the relatively colder and younger Japan and Izu-Bonin slabs, which are defined by higher than 3 % V S anomalies.
There are several strong wave,speed anomalies in EARA2014 images associated with tectonic features ( the crust to the uppermost mantle (depths of 20 km, 50 km, and 100 km), likely affected by an underlying mantle plume or asthenospheric diapir [Cunningham, 1998 ]; (3) strong low-V zones (lower than À5 % V S anomalies) exist beneath the northern Qiangtang Block [Brandon and Romanowicz, 1986; Bourjot and Romanowicz, 1992] , the Songpan Ganzi Fold Belt, the Qilian Fold, and the Chuandian Block in the mid to lower crust (depths of 20 km and 50 km), which may support the existence of partial melt and/or aqueous fluid beneath the Tibetan Plateau [Yao et al., 2008; Caldwell et al., 2009; Bai et al., 2010; Chen et al., 2014] ; (4) in the crust and uppermost mantle (depths of 20 km and 50 km), high-V anomalies correspond to the East Gobi and Erlian Basins right next to each other, the Songliao Basin in northeastern China, and low-V anomalies mark the Great Xing'an Range in between; (5) beneath the Tibetan Plateau, across the Lhasa and Qiangtang Block, a broad subvertical north dipping high-V structure (higher than 1.5 % in both V P and V S ; Figures 8 and 9 ) extends down to the bottom of the mantle transition zone (depths of 150 km-650 km), consistent at long-wavelength with the high-V anomalies in the latest global model SL2013sv [Schaeffer and Lebedev, 2013] (Figure 7 ) but missing in many other tomographic images [Huang and Zhao, 2006; Li and van der Hilst, 2010; Obrebski et al., 2012; Wei et al., 2012; Obayashi et al., 2013] .
Map Views of Radial Anisotropy
Radial anisotropy, i.e., ξ = (V SH À V SV )/V S , is frequently determined from surface wave dispersion and is usually explained in terms of transverse isotropy with a vertical symmetry axis. It is a good indicator of lithospheric deformation in the crust and mantle, or mantle flow in the asthenosphere in either the vertical direction (negative ξ) or horizontal direction (positive ξ). Our inversion parameterizes radial anisotropy beneath the Moho and above 650 km (the bottom of the mantle transition zone), because complex crustal structure can introduce a strong trade-off between anisotropy and heterogeneity, and lower mantle radial anisotropy is not well constrained by our regional data set. It should be noted that the seismic waves we used to constrain radial anisotropy include not only surface waves but also all available body waves traveling in the upper mantle, especially P n , S n , PP, and SS. These complementary body waves increase the spatial resolution of radial anisotropy. Of course, there are other anisotropic parameters besides the five Love parameters that control wave propagation, for example, J C , J S , G C , and G S [Montagner and Nataf, 1986; Chen and Tromp, 2007] . We assume that the five Love parameters [Love, 1927] dominate wave propagation and provide a simple indicator of large-scale tectonic deformation styles, in particular, vertically or horizontally dominated flow. Future studies may focus on other elastic parameters given sufficient data coverage [Sieminski et al., 2007a [Sieminski et al., , 2007b [Sieminski et al., , 2009 .
At a depth of 100 km (Figure 11 ), radial anisotropy ξ is qualitatively anticorrelated with V S anomalies (Figure 8 ) in most regions of East Asia, except the east Tarim Basin, the north Ordos Block, and parts of the back-arc basins in the marginal seas of Japan, eastern China, and southern China. Low-V regions are dominated by positive radial anisotropy (ξ higher than 3 %) beneath the Tibetan Plateau, the Altay-Sayan Mountain Range, part of the Nanshan Basin, the northern Ordos Block, the Xing'an-East Mongolia Block, the Northeast China Block, and the Philippine Sea Plate. Narrow zones of negative ξ (< À3 %) are mainly associated with arcs and back-arc basins. Medium to weakly negative ξ corresponds to high-V stable cratons, such as the Yangtze Platform, the western Tarim Basin, as well as the eastern part of the North China Block.
At a depth of 200 km (Figure 12 ), anticorrelation between radial anisotropy and V S anomalies is not obvious, except along major arcs. Such a change in radial anisotropy relative to V S anomalies in the 100 km to 200 km depth range could indicate a compositional transition from lithospheric to asthenospheric mantle (or vice versa), or a change in mantle flow modulated by lithosphere root architecture. Strong negative radial anisotropy (ξ < À3 %) mostly exists beneath the marginal seas, eastern China, southeastern Tibet, Burma, and West and South Yunnan. Medium to weakly positive radial anisotropy occurs beneath the Philippine Sea Plate, western China, and Mongolia. Negative radial anisotropy associated with arcs and back arcs persists at 200 km depth.
Most of the strongly positive radial anisotropy (ξ > 3 %) in EARA2014 (Figure 11 ) is limited to the upper 150 km of the mantle and coincides with the depth range of a hypothetical shear zone between the lithosphere and asthenosphere, where the preferred orientation of the olivine fast axis is horizontal [Ribe, 1989] . Negative radial anisotropy (ξ < À1.5 %) generally correlates with intraplate volcanoes at depths deeper than 150 km (Figure 12 ), such as the Wudalianchi, Changbai, Hainan, Tengchong, and Arshan volcanoes. Negative radial anisotropy (ξ < À1.5 %) also occurs in subduction zones within both the slab and the mantle wedge (Figures 11  and 12 ). However, radial anisotropy in these two regions can be caused by different mechanisms. We speculate
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that there are different origins of strong negative radial anisotropy in the mantle wedge above the slab versus within the slab. Atop of the subducting slab, mantle downwelling due to the drag force of the subducting slab induces large strain enabling perfect downdip alignment of olivine crystals. Thus, negative radial anisotropy in the mantle wedge (Figures 11 and 12) is possibly a manifestation of flow-oriented olivine. In contrast, radial anisotropy within the slab (Figures 11 and 12 ) may represent extrinsic anisotropy, for example, an equivalent apparent negative radial anisotropy induced by fine planar layering inside the slab oriented subvertically [Wang et al., 2013] . We confirm subduction zone radial anisotropy reported in previous studies [Panning and Romanowicz, 2006; Yeh et al., 2013] but provide much higher resolution images that start to reveal a link between the mantle dynamics and radial anisotropy.
Conclusions
We present a new 3-D radially anisotropic seismic model of East Asia, named EARA2014, based on adjoint tomography. This paper focuses on technical aspects of constructing the model and provides a general discussion by comparing V SV , isotropic V S and V P , and radial anisotropy images of EARA2014 with other models. Wave speed anomalies in EARA2014 are highly localized within known tectonic units and show very sharp contrasts across tectonic boundaries in the uppermost 100 km. We observe a broad high-V structure beneath Tibet (higher than 1.5 % in both V P and V S ), spanning across the Lhasa and Qiangtang Block, and extending from below 100 km depth to the bottom of the mantle transition zone. Detailed interpretations of certain tectonic features, such as the Tibetan Plateau and the Altay-Sayan Mountain Range, with additional constrains from radial anisotropy and the V P /V S ratio, will be presented in a separate paper.
Future inversions using this data set will focus on 3-D variations in azimuthal anisotropy and attenuation beneath East Asia.
